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ABSTRACT 

In this study, the effect of the inclusion of a hydrothermal pre-treatment procedure and varying 

the mass ratios of the raw material and the activating agents on the electrochemical performance 

of laboratory-synthesized activated carbon (AC) nanostructures is reported. Symmetric cells and 

mixed assembly cells were fabricated and tested in this work. 

The AC materials were obtained using an environmentally friendly, mild-alkaline potassium 

based activating agents (AAs). Hibiscus biomass waste and polypyrrole materials were adopted 

as the raw materials for source of carbon in the optimization process using these AAs to 

synthesize porous electrochemically active materials. 

The incorporation of the hydrothermal (HT) pre-treatment procedure for the hibiscus biomass 

waste material decreased the optimal carbonization time to 1 hour (sample was noted as (HTAC-

1) and increased the specific surface area (SSA) of the material. The effect of the mass ratio of 

the AA and raw material was analysed for the polypyrrole (PPY) raw material and the SSA as 

well as the pore volume were found to increase with an increase in the AA ratio to a maximum 

threshold of 6:1 (sample was noted as AC-PPY-6). A mixed assembly (MA) device fabricated 

from the HTAC-1 and the AC-PPY-6 samples demonstrated an extended operating potential 

window of 1.70 V. A good stability was displayed by the MA device after a stability test of 10 

000 constant galvanostatic charge-discharge cycles. The device had a capacitance retention of 

82% with a corresponding coulombic efficiency of 99.6% respectively. Most importantly, the 

performance of the device improved after an 80 hour voltage holding ageing test, the capacitance 

of the device increased as time progressed, from 94.4 F·g-1 to 219.5 F·g-1. 

The stability metrics displayed by the mixed assembly device was relatively better as compared 

to the AC-PPY-6 and HTAC-1 symmetric devices. Although the capacitance value was lower 
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compared to the AC-PPY-6 symmetric device, the MA device showed better energy storage 

capability after voltage holding (floating) tests. 
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CHAPTER 1 

 

INTRODUCTION 
As the whole world unites in an attempt to diminish the effects of global warming; sustainable 

and environmentally friendly energy sources which are cleaner and greener, are being 

investigated as alternatives to those generated from fossil fuels which produce green-house 

gases [1, 2].  

Renewable energy sources such as solar, hydropower, wind and the conversion from kinetic 

energy to electrical energy are being explored as they meet this criterion. However, for these 

energy sources to be efficient and effective to meet the global energy demand, reliable energy 

storage devices, such as batteries and electrochemical capacitors, are needed to harvest the 

energy for flexible use [1, 2]. 

Batteries convert stored chemical charges to electrical energy through redox reactions. Electrons 

move from the anode to the current resulting in an electric current, however they have a short 

life-span and low power density [3–5]. The most common types of batteries include the lithium 

ion, nickel-metal hydride, nickel cadmium, zinc-carbon and the alkaline battery [4, 6]. The 

downside of batteries is that once the required chemical reactant is depleted, they seize to 

function. The disposal process is costly and releases detrimental chemicals such as mercury, 

cadmium and dioxins into the environment [3–6]. 

Electrochemical capacitors, (ECs) commonly known as supercapacitors (SCs) have a long-life 

cycle, high power and reasonable energy densities [7, 8]. They store energy chemically as 

charge, giving rise to a potential dependent storage ability.  

Supercapacitors can be classified in two categories, namely faradaic and electrochemical double 

layer capacitors (EDLCs) based on their charge storage mechanisms [1, 2, 7, 8]. 
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Faradaic capacitors undergo a redox process which is responsible for the transfer of charges 

between the electrode and electrolyte interface [8].  

Electrochemical double layer capacitors store charge electrostatically at the electrode-

electrolyte interface with the absence of mass and charge transport [8, 9]. The components of 

EDLCs include two electrodes, an electrolyte and a separator. The separator is made up of an 

electron insulating yet ion-conducting membrane [9–11].  

When an electric potential is applied on one of the EDLC electrodes, it causes an oppositely 

charged ions to maneuver and accumulate at the surface of the other electrode giving rise to 

charge separation [9, 10]. EDLCs are mainly composed of carbon-based materials existing in 

different forms such as activated carbons [11], templated carbon [12], graphene [13], carbon 

nanotubes [14], carbon aerogels [11] and graphite [15, 16]. 

Activated carbon can be obtained from the combustion or carbonization of carbonaceous 

material using either a physical or a chemical activation method. They are the oldest and most 

commonly adopted EDLC material due to their high porous nature which in turn increases their 

surface area. They are also chemically stable, electrically conductive, have low-cost 

implications and not detrimental to the environment [1, 2, 17–19]. 

In the physical preparation method, the carbon-based material undergoes combustion in a 

controlled environment at 800 ˚C to 1200 ˚C [20]. This method is time considered to be time 

consuming as it occurs at high temperatures and the resultant specific surface area is below the 

critical requirement of a capacitor [20]. 

In the chemical activation method, a chemical activating agent is added to the carbonaceous 

material which then undergoes carbonization at a temperature ranging from 600 ˚C  to 900 ˚C 

in the presence of a chemical catalyst [20]. 

The latter synthesis route is much preferred over the former for the production of activated 
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carbon due to the ease of morphology and textural characteristic control of the material. 

Additionally, the time factor involved plays a major role since activated carbon materials 

prepared via the chemical route can be completed in a shorter period of time [20]. 

Other sources of activated carbon include renewable carbon sources such as plant and animal 

biomass, fossil-based carbon sources commonly known as non-renewable carbon which include 

coal, peat and pitches. Activated carbons can also be produced from synthetic organic polymers 

such as PVA as well as templated carbon. 

In this dissertation, activated carbon samples derived from two different material precursors are 

produced from an optimized synthesis route. The as-synthesized products were studied using 

various characterization techniques with potential application for energy storage device 

electrodes. The selection of the raw materials was based on the conversion of conductive-

polymer and low-value biomass raw materials into highly porous nanostructured active 

electrode materials. The starter materials were laboratory synthesized polypyrrole and naturally-

shed hibiscus calyces. 

 

Aim and Objectives 

The entire materials production technique was optimized based on the adoption of two distinct 

activating agents namely, potassium bicarbonate (KHCO3) and potassium carbonate (K2CO3) 

in equal and varying mass ratio of raw material to the activating agent (1:1) for varying 

carbonization times. 

The inclusion of a pre-hydrothermal treatment step for the biomass hibiscus material was also 

studied to fully elucidate its effect on the percentage of carbon content readily available for 

activation. 

The activated carbon nanostructures from both sources were subjected to extensive material 

characterization techniques which included scanning electron microscopy (SEM), electron 
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dispersive x-ray spectroscopy (EDX), transmission electron microscopy (TEM), Raman 

spectroscopy, Fourier transform infrared spectroscopy (FTIR) and Brunauer–Emmett–Teller 

(BET) porosity technique. Evaluation of the electrochemical performance of the activated 

carbon material was also done when fabricated into device electrodes both in half-cell and full 

device designs, this included cyclic voltammetry, potentiometric charge-discharge and 

electrochemical impedance spectroscopy analysis. 

The combination of the two carbon sources was done in order to exploit their individual electric 

double layer (EDL) properties to obtain an improved device with respect to its electrochemical 

capability referred to as a mixed assembly configuration. 

 

Outline of dissertation 

This dissertation consists of five chapters which are broken up as follows: 

Chapter 1 presents the general introduction in relation to the concerns on environmental 

degradation due to the increase in energy demands to meet technological development. This 

chapter also outlines the aims and objectives which will be tackled in this dissertation. 

Chapter 2 focuses on the literature review which describes the current active research on 

activated carbon materials obtained from biomass sources. 

Chapter 3 deals with the experimental methodology implemented along with the optimization 

of the processes adopted in obtaining the final products. 

The results of the experimental studies and material analysis are documented and discussed in 

Chapter 4 with possible elucidation of the research findings. 

An overall detailed conclusion of this work is deliberated upon in Chapter 5, possible 

suggestions for further studies which can be undertaken in a bid to solve the general energy 

storage problems are also included in this chapter.  
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CHAPTER 2 

LITERATURE REVIEW 
2.1.  Introduction 

Carbon is one of the most abundant elements in the world and it can be found in all organic 

materials. It is the basis of all animal and plant matter. Researchers have taken great interest in 

“Carbon” due to its versatility based on its electronic structure, 1s22s22p2. Carbon has a valence 

number of 4, which makes it tetravalent [1]. Depending on its hybridization state, carbon can 

exist in different arrangements; such as bulky balls (0D carbon structure), the 1D form of carbon 

as nanotubes, the 2D in the form of graphene as well as the stacked multilayer graphene in 3D, 

commonly known as graphite [2]. 

Numerous studies have been done on carbon materials as potential energy storage materials due 

to their abundance, large surface area, good electrical conductivity, high chemical stability and 

low cost [3–8]. 

2.2. Activated carbon 

Activated carbon (AC) is considered a unique material filled with numerous “holes” held 

together by van der waals forces commonly referred to as pores [9, 10]. The carbon atoms in 

AC group themselves into stacks of irregularly sorted, flat aromatic sheets which are randomly 

cross-linked [10]. The pores have been categorized into three types, micropores (diameter < 2 

nm), mesopores (2 nm ≤ diameter < 50 nm) and macropores (diameter ≥ 50 nm). The presence 

and the size of the pores within the material make it a great adsorbent and also determine how 

the adsorption takes place [9]. 

The synthesis of activated carbon from waste biomass material has become the major interest 

of many researchers as a result of its abundance in nature, environmentally friendly property, as 

well as its non-fossil, carbon-containing form [11, 12]. The use of carbon materials with an even 

larger specific surface area for applications related to electrochemical surface reactions [13–27] 
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has led to the development of various techniques linked to the preparation of highly porous 

carbon materials. The process of converting carbon-containing materials into high-surface area 

porous activated carbon materials is referred to as “activation”. 

2.2.1. Synthesis of activated carbon 

Activated carbon can be synthesised in two different methods which have an influence on the 

outcome of the surface area as well as the porosity of the material. These are the physical 

activation and chemical activation methods [28]. 

In the physical activation method, carbon-based materials undergo combustion at a temperature 

in the region of 800 ˚C –1200 ˚C in the presence of a gas, which results in the release of carbon 

dioxide or steam [28, 29]. Chemical activation method involves the use of a chemical agent 

which serves as a catalyst to interact with the material thereby creating the pore structure. 

Several activating agents such as potassium hydroxide (KOH), sodium hydroxide (NaOH), 

potassium bicarbonate (KHCO3), zinc chloride (ZnCl2) and iron chloride (FeCl2), to name a 

few, are added to the raw carbon-containing material in the chemical activation method. The 

impregnated material then undergoes carbonization at temperatures in the range of 600 ˚C – 900 

˚C [28]. The chemical activation method is considered to be advantageous compared to the 

physical activation method as it permits for more efficient control of the pore and morphological 

structure of the material, it also allows for an increase in the sample yield as well as a reduction 

of the activation steps needed and mineral matter content when necessary [28, 30].  

The porosity of the activated carbon is of high importance as it affects the electrochemical 

performance of the material as it allows for ion storage and ion mobility [31–33]. 

Activated carbon has been derived from diverse biomass waste materials including pine cone 

[34], banana peels [35], sugar cane bagasse [36] and tree bark [37] to name a few. 
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2.2.2. Hydrothermal pre-treatment of carbon material 

Some researchers have also adopted a pre-hydrothermal step to increase the amount of 

carbonaceous raw content available in the biomass waste before subjecting it to the actual 

activation and carbonization process. 

Numerous studies have been reported on the hydrothermal carbonization step of biomass 

material in the synthesis of carbonaceous materials such as carbon spheres, carbon nanotubes, 

graphite and activated carbon [12]. 

Sevilla and Fuertes [38] implemented the hydrothermal carbonization step in their work, which 

reported on the preparation of carbon spheres. In a typical procedure, 2.0 – 16.0 g of cellulose 

were dispersed in distilled water and continuously stirred for 4 hours; thereafter, the mixture 

was transferred into an autoclave with a stirring mechanism and heated for 4 hours at a 

temperature of 250 °C. The solid product obtained was then rinsed out with distilled water and 

dried for 4 hours at 120 °C. The final product was found to have a higher carbon content and 

less oxygen and hydrogen content than the raw biomass material. The porous microspheres 

obtained were approximately 2-5 µm in diameter. Wang et al. [39] prepared carbon spheres for 

lithium storage using the hydrothermal process. Simply, 1.5 M sugar solution was subjected to 

a hydrothermal treatment at 190 °C for 5 hours in an autoclave. The product was then retrieved 

and carbonized in a tube furnace at 1000 °C under argon gas flow. The final product possessed 

a nanopore diameter of 0.4 nm, a specific surface area of 400 m2·g-1 and had a lithium storage 

capacity of approximately 430 mAh·g-1. 

This shows that after the hydrothermal step, the thermal treatment of the biomass material gave 

rise to a solid raw product with a higher carbon content as well as fewer impurities. Additionally, 

this process also accelerates the physical and chemical interaction between reagents and solvent 

as well as acid/base reactions [12, 38]. In a study conducted by Hu et al. [12], it was found that 

directly after the hydrothermal process, a small number of micropores were present within the 
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material and this process contributed to the pore formation in the material which led to an 

increased surface area. 

Fasakin et al. [35] prepared activated carbon from banana peels at temperatures ranging from 

750 °C to 950 °C with KOH as the activating agent in an argon atmosphere. Prior to 

carbonization, the peels were subjected to hydrothermal treatment in a sulphuric acid solution 

for 12 hours at a temperature of 160 °C. The sample carbonized at 900 °C resulted in a high 

specific surface area of 1362 m2·g-1 with a corresponding specific capacitance of 165 F·g-1 at a 

specific current of 0.5 A·g-1. 

2.2.3. Activation mechanism 

Various techniques have been employed when it comes to the activating mechanism employed 

on the raw material. Adeniran and Mokaya explored the effect of the activating mechanism on 

the porosity of the activated carbon from polypyrrole polymer (PPY) [40] for hydrogen storage. 

PPY serving as the carbon precursor was synthesised and activated with KOH as the activating 

agent using two different methods to test the effect of compactivation on the final textural 

properties and hydrogen uptake in the as-synthesized sample. Firstly, the PPY and KOH were 

mixed in an agate mortar and compacted for 10 minutes with a 10 ton load in a 1.3 cm diameter. 

In the second preparation route, the PPY polymer and KOH were mixed and not compacted. 

The compaction was done to reduce the inter-particle voids prior to the thermochemical 

treatment. Both samples were then carbonized at 800 °C under nitrogen gas flow for 1 hour. The 

products were then washed with 10 wt.% hydrochloric acid (HCl) and rinsed with deionized 

water (DI) until a pH of 7.0 was obtained before being dried at 120 °C for 3 hours. The 

compacted carbon sample was found to have a higher specific surface area and pore volume of 

4000 m2·g-1 and 3.0 cm3·g-1 respectively. The compacted sample also had an increase in its 

hydrogen storage capability from 7.4 wt% to 9.6 wt%. 
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Studies done by Peng et al. [5] involved a report where waste tea-leaves were used as the 

precursor in the preparation of activated carbon and KOH was the activating agent used in the 

carbonization process. The material was carbonized in the CVD system at 800 °C in a nitrogen 

atmosphere for 1 hour. The obtained product had a specific surface area in the range of 2245 

m2·g-1 to 2841 m2·g-1 with a corresponding specific capacitance of 330 F·g-1 at a specific current 

of 1.0 A·g-1 in a KOH electrolyte. The product had an electrochemical cycle stability of 

approximately 92% after 2000 cycles. 

Bello et al. [34] synthesised activated carbon from pine cone having included a hydrothermal 

synthesis step. The pine cone was activated with potassium hydroxide (KOH), having employed 

the compactivation technique, the sample was then carbonized at a temperature of 800 °C for 

one hour. The product had a specific surface area of 1515 m2·g-1, specific capacitance and 

energy density of 137 F·g-1 and 19 Wh·kg-1 were obtained respectively, at a specific current of 

1.0 A·g-1 having a potential window of 2.0 V in a 1 M sodium sulphate (Na2SO4) electrolyte 

solution. 

2.2.4. Activating agents 

Recently, alternative activating agents (AAs) have been researched as the most commonly used 

potassium hydroxide (KOH) pellet has been discovered to pose economic and environmental 

threats due to its highly alkaline nature which limits its use as an AA in an up-scaled set-up [41].  

Rufford et al. activated carbon prepared from sugar bagasse activated with zinc chloride and 

carbonized at 750 °C and 900 °C for 1 hour under nitrogen gas flow [36]. The specific surface 

area obtained was greater than 1000 m2·g-1 with corresponding specific capacitance and energy 

density of 300 F·g-1 and 10 Wh·kg-1 at 1.0 A·g-1 in the 2 electrode configuration in a 1 M H2SO4 

electrolyte respectively. (K2CO3) and potassium hydrogen carbonate (KHCO3) have also been 

investigated as AAs since they are better environmental friendly alternatives [41].  
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The effect of the activating agent in the synthesis of activated carbon was observed in the studies 

by Tay et al. [8]. Soybean oil cakes were activated with KOH and K2CO3 with subjection to 

carbonization in a CVD system using nitrogen gas at a temperature of 800 °C for 1 hour. The 

sample activated with K2CO3 was found to have a higher porosity, pore volume and a specific 

surface area of 1352.88 m2·g-1 compared to 643 m2·g-1 from using KOH [8, 41]. This study 

demonstrated the suitability of a less toxic alternative activating agents which yield equally 

porous materials. 

Carvalho et al. [42] synthesised activated carbon from cork waste. In their work, the cork was 

activated with K2CO3 with varying weight ratios for K2CO3: cork of 1:1 and 5:1 respectively. 

The sample was then carbonized using a horizontal tube furnace in a nitrogen atmosphere at 800 

°C for 1 hour. Thereafter, the sample was rinsed with DI water to a pH of 7.0 and dried at 100 

°C. The obtained activated carbon product was cylindrical in shape and had a diameter and 

length of approximately 4 mm and 9 mm respectively. The porosity of the product was found 

to be independent of the ratio of the activating agent to the raw material. It also contained ultra 

micropores (width< 0.7nm) and super micropores (0.7 nm< width<2.0 nm). After comparison 

with his earlier work, Carvalho et al. [43] observed that the carbonization time had decreased to 

2 hours from the 7 hours previously taken for carbonization with KOH. Potassium salts assist 

in the preparation of highly mesoporous materials, increases the sample yield, decreases the 

preparation time and the ion diffusion distance compared to KOH [41, 42]. 

PPY was synthesised and activated with KOH at 800 °C for 1 hour in a nitrogen atmosphere as 

described in the research study done by Bello et al. [7]. The PPY was tested with 3 different 

electrolytes and exhibited high specific capacitance values in all 3 electrolytes; 131 F·g-1 in 1 

M Na2SO4, 108 F·g-1 in 6 M KOH and 94 F·g-1 in 1 M sodium nitrate (NaNO3). The PPY 

material also exhibited a high specific surface area of 2230 m2·g-1. 
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2.3. Characterization techniques 

2.3.1. Textural characterization 

The textural properties of the sample material were analysed using the Brunauer- Emmett- Teller 

(BET) method as well as the Barrett-Joyner-Halenda method. These methods are used to 

determine the Specific surface area (SSA) and the pore size distribution of a material 

respectively [44]. In these techniques, nitrogen at a temperature of approximately 77 K (-196 

˚C) is used to acquire the adsorption energy of materials due to the interactions of dipoles within 

them [45]. The adsorption and desorption isotherms of the material are then obtained and used 

to determine the specific surface area, pore size distribution and pore volume of the material in 

question. 

2.3.2. Scanning electron microscopy and Energy dispersive x-ray spectroscopy 

In scanning electron microscopy (SEM), an electron beam is used to raster scan an electrically 

conductive sample material in order to determine the surface morphology, crystal structure and 

orientation. 

Energy dispersive x-ray spectroscopy (EDX) is used to determine the elemental composition of 

a sample [46, 47]. The sample is subjected to an electron beam which passes through it and 

causes the sample to generate and emit x-rays that are then used to determine the element that 

produced them [46, 47]. 

These processes occur under a high vacuum in the region of 10-6 Torr (1.33 x 10-6 mBar) or less, 

in order for the morphology of the sample to be obtained. 

Signals are collected from secondary, backscattered electrons and diffracted backscattered 

electrons as well as photons and x-rays. Secondary electrons are responsible for the morphology 

of the sample and the backscattered electrons show the discrepancies in the sample composition 

in the SEM and EDX techniques. The photons are used to determine the elemental analysis of 

the sample in EDX [46].  
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Although SEM and EDX are conducted using the same instrument, they require different 

accelerating voltages to function. SEM requires a low accelerating voltage (1.0 kV – 5.0 kV) as 

the electrons bombarding the sample from the electron beam only have to excite the electrons 

located on or close to the surface of the sample. A higher accelerating voltage (10 kV -30 kV) 

is needed to excite the x-rays which are mostly found in the core levels of the sample. 

2.3.3. Transmission electron microscopy 

The internal morphology of the sample material can be characterized using the tunnelling/ 

transmission electron microscopy (TEM) technique. Electrons from an electron beam are 

accelerated at a high voltage to enable them to be transmitted through the sample [46]. 

Information of the inner structure of the sample such as the crystal structure, dislocations and 

grain boundaries can be observed. 

2.3.4. Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) assists in the identification of the functional 

groups present in the sample [46, 48]. Infrared light is used to observe the chemical properties 

of the sample, the absorption of the infrared radiation by the sample initiates molecular bond 

vibrational and or rotational energies which can be observed at different wavelengths [46]. This 

technique assists in the determination of the molecular and chemical structures in the sample. 

2.3.5. Raman spectroscopy 

Raman spectroscopy is a non-destructive method adopted to gain insight into the nature of the 

molecular vibrations present in a material [49]. It is based on the inelastic scattering of 

monochromatic light, in the visible or near infrared region, from a laser bombarding the sample 

at a specific power and wavelength [46, 48]. The laser perturbs Raman-active bonds within a 

specific material which gives a characteristic feedback thereby giving information on the 

structural properties of the sample. 
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Raman analysis is a common analysis tool conducted on carbon-based materials such as 

activated carbon, carbon nanotubes, carbon spheres and graphene. This is due to the Raman-

active bonds which exist in carbon-containing materials. The characteristic D-peak and G-peak 

will always be observed with varying intensity levels. The D-peak which appears at 

approximately 1360 cm-1 in activated carbon gives information about the defects/disorders that 

are present in the material [50]. The G-peak is observed due to the stretching mode of the 

graphitic plane caused by the vibrations of the sp2 carbon atoms [51, 52]. The 2D-peak which 

appears at a wavenumber of approximately 2700 cm-1 gives information about the number of 

layers that are present in the carbon material, such as graphene [49, 53, 54]. The intensity of the 

peaks assists in distinguishing between monolayer, bilayer and multilayer graphene [49, 54, 55]. 

2.3.6. X-ray powder diffraction spectroscopy 

X-ray powder diffraction (XRD) is a technique used to classify the crystalline structure of the 

sample material by determining the purity and unit cell dimensions [55]. The sample is 

bombarded with x-rays which cause scattering of the electrons within the sample resulting in 

the observation of maximum and minimum diffraction patterns as well as the intensities [46, 

55]. These patterns are only produced when the conditions satisfy Bragg’s law. 

nλ = 2dsin 𝜃        (1) 

Where λ is the wavelength, θ is the diffraction angle and d is the lattice spacing in the crystal. 

The 2θ angle range determines all possible diffraction angles of randomly orientated lattices in 

powder materials, while the lattice spacing allows for the identification of materials as they all 

have a set of unique d-spacing values [46, 55]. 

2.3.7. Electrochemical characterization 

The electrochemical performance of any material is determined using three unique tests which 

involve varying the amount of current as a function of the voltage applied from a potentiostat. 

These tests are cyclic voltammetry (CV), chronopotentiometry (CP), commonly referred to as 
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galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS). 

These tests can be performed in both a half-cell (three-electrode) configuration (Fig. 1) and a 

full-cell (two-electrode) configuration (Fig. 2). In the three-electrode configuration, the 

electrochemical performance of half-cell electrodes are being investigated whereas in the two-

electrode configuration, the electrochemical properties of the complete device are being 

analysed [47]. 

2.3.7.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is usually the first electrochemical test conducted on a sample material 

as it assists in the determination of the comfortable operating potential window of the specific 

material. The shape of the cyclic voltammogram (Fig. 3) assists in determining the nature of the 

charge storage mechanism present in the material. A rectangular-shaped CV curve is 

characteristic of a typical electric double layer (EDLC) charge storage mechanism. In some 

special cases, a rectangular CV plot is also obtained for pseudocapacitive materials such as 

ruthenium dioxide (RuO2) and manganese dioxide (MnO2) materials [56–59]. The CV curve 

comprising of typical reduction and oxidation (redox) peaks correlates to materials which are 

characterized by faradaic charge storage mechanism. 

 

Figure 3: Cyclic voltammogram of a typical EDLC material 

2.3.7.2. Galvanostatic charge-discharge 

In galvanostatic charge-discharge (GCD) (Fig. 4), the material is repetitively charged and 

discharged at a constant current within a pre-determined operating potential window range [60]. 
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The resultant plot gives the charging and discharge profile which can be used to determine the 

capacitance of the material. 

 

Figure 4: Galvanostatic charge-discharge curve of a typical EDLC material 

For EDLC and pseudocapacitive-type materials, the GCD plot is linear for both the charging 

and discharging steps. The equation used to calculate the specific capacitance (Cs) of the 

material is given as: 

Cs=
𝐼∆𝑡

𝑚∆𝑉
         (2) 

Where I is the applied current, ∆t (∆t = t max –t min) the discharge time, m the mass of the sample 

and ∆V (∆V= Vmax –Vmin) is the change in potential. 

Whereas for faradic type materials, the charge-discharge profile is more of a polynomial shaped 

pattern which is anti-linear. As such in faradaic material, the specific capacitance cannot be 

calculated [61]; instead, the specific capacity of the material is calculated using:  

Cs =  
I∆t

3.6·m
         (3) 

Ageing tests are conducted on the materials to determine their efficiency on a commercial scale. 

These tests include floating or ageing commonly known as voltage holding and cyclic ageing 

test [62]. An increase in the equivalent series resistance and a decrease in the capacitance of the 

material are usually observed after the ageing test [62]. 
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In the voltage holding ageing test, the voltage applied on the material is kept constant for a 

period of time to accelerate the reaction taking place between the electrolyte and foreign species 

within the material [62]. The material is continuously charged and discharged at a high current 

in the stability test. This is done to emulate the conditions that the material will be subjected to 

a commercial scale [62]. 

Self-discharge is the term given to the process in which an electric capacitor experiences a 

voltage drop while stored in a charged state [63]. The self-discharge response can be determined 

in both the half-cell and full-cell configurations. 

In the half-cell configuration, self-discharge is caused by reduced identification of the ion 

mobility mechanism, this in turn then causes a self-discharge reaction to occur at the electrode 

surface [64–66]. More realistic measurements of the self-discharge response of a commercial 

device are obtained when the self-discharge test is conducted in the full-cell configuration [63–

66]. 

There are three causes of self-discharge namely: Ohmic leakage, charge distribution, and 

parasitic faradaic reactions. 

Ohmic leakage self-discharge is due to a fault in the construction of the full-cell resulting in a 

resistive pathway between the positive and negative electrodes [63, 67, 68]. When the electrode 

has been charged up through a series of increasing resistance components, such as solution and 

ionic resistance, a charge distribution self-discharge tends to occur [67, 68]. The occurrence of 

redox reactions on the surface of the discharging electrode results in what is referred to as a 

parasitic faradaic self-discharge response [63, 67, 68]. 
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2.3.7.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) analysis involves the application of a low 

amplitude alternating voltage to measure the impedance of a power cell as a function of 

frequency in order to characterize the charge transfer, electrode resistance properties and charge 

storage mechanism [60]. The Nyquist plot (Fig. 5) for example, is a common plot obtained from 

the EIS measurement which shows the imaginary impedance (-Z” (Ω)) as a function of the real 

impedance (Z’ (Ω)) at varying frequencies. The solution resistance (Rs), as well as the charge 

transfer reaction (Rct), also known as the circuit resistance can be obtained from the Nyquist 

plot. 

 

Figure 5: Nyquist plot 

 

2.3.7.4. Half-cell configuration 

For the half-cell configuration (figure 1), three types of electrodes are needed, namely the 

working electrode, counter electrode and reference electrode. The working electrode is made up 

of the sample material coated on a current collector which provides an interface for charge 

transfer. The slurry is made up of the sample material and a binder, which is added to hold the 

sample together, the mixture was held together by adding a few drops of N-methyl-2-

pyrrolidone (NMP) and is pasted uniformly onto a current collector. A conductive additive is 

sometimes added in the preparation of the slurry to counteract the effect of the binder. The 

current collector should have a high current carrying capacity and be chemically stable. 
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Materials such as nickel foam, nickel foil, aluminium foil and carbon paper are commonly used 

as current collectors in the fabrication of electrodes. 

 

Figure 1: Three-electrode cell configuration 

The counter electrode is usually a material that is porous, conductive and does not react with 

the electrolyte. Glassy carbon (GC) is the commonly used as the counter electrode in the 

electrochemical characterization of samples. Other counter electrodes used can be activated 

carbon pellets and graphite rods to name a few. 

The purpose of the reference electrode is to determine the potential at the working electrode; 

silver/silver chloride (Ag/AgCl), mercury/mercury oxide (Hg/HgO), standard calomel electrode 

(SCE) are examples of some of the common reference electrodes used [47, 69, 70]. 

2.3.7.5. Full-cell configuration 

The set-up of the full-cell configuration (figure 2) is in the form of a coin cell which only has 

two terminals, hence it is also referred to as two-electrode configuration. It consists of the 

working and the counter electrode, with the reference electrode being attached the counter 

electrode. The coin cell is in the form of a metal casing with a negative and positive terminal, 

consisting of a spring, spacer, separator with the sample material acting as the negative and 

positive electrode placed on either side of the separator. 
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Figure 2: Two-electrode configuration 

A full-cell can be classified as a symmetric or an asymmetric (mixed) device. This classification 

depends on whether or not the same sample material was used for negative and positive 

electrodes. If the sample material used for the negative and positive electrodes is the same, then 

the cell is considered to be a symmetric device, if not, it is classified as a mixed device. The 

negative and positive electrodes are prepared in the same way as the working electrode for the 

3-electrode configuration on a coin shaped current collector. For the mixed device charge 

balancing is required which should be able to lead to the calculation of the masses on both 

positive and negative electrodes respectively as per the following equation: 

𝑚𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐶𝑠𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
= 𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐶𝑠𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

  (4) 

Where mnegative electrode and mpositive electrode are the mass of the negative and positive electrodes 

respectively and Cs(negative electrode) and Cs(positive electrode) are the specific capacitance values for the 

negative and positive electrodes respectively. 
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CHAPTER 3 
 

EXPERIMENTAL PROCEDURE 
 

In this chapter, the experimental procedures used in the preparation and synthesis of the 

activated carbon material from both polypyrrole and biomass are detailed. The materials used 

include dried hibiscus calyces, iron(III)chloride (CAS number: 7705-08-0), pyrrole monomer 

(CAS number: 109-97-7), potassium carbonate anhydrous (CAS number: 584-08-7), potassium 

hydrogen carbonate (CAS number: 298-14-6), sulphuric acid (CAS number: 7664-93-9), 

hydrochloric acid (CAS number: 7647-01-0) and potassium nitrate (CAS number: 7757-79-1). 

3.1. Sample preparation 

3.1.1. Hydrothermal treatment of biomass hibiscus calyces 

5 g of raw biomass material (dried hibiscus calyces) was mixed with a sulphuric acid (H2SO4) 

solution with a concentration of 0.22 M in a 250 mL beaker. The mixture was stirred for several 

minutes using a magnetic stirrer before it was transferred into a teflon lined autoclave. The 

autoclave was placed in an electric oven at a temperature of 160 °C for a fixed period of 12 

hours. No further studies was done for other residence times in this study. Subsequently, the 

autoclave was removed and cooled to room temperature. The product was then filtered using 

filter paper and rinsed with DI water to obtain a neutral pH. The final product was then dried in 

the oven at 60 °C for 12 hours and named hydro-thermalized hibiscus calyces (HHL). 

3.1.2. Synthesis of activated carbon from biomass hibiscus calyces using potassium 

hydrogen carbonate (KHCO3) 

The HHL powder was initially mixed with potassium hydrogen carbonate (KHCO3) activating 

agent (AA) in a ratio of 1:1 by mass for the AA: HHL and mildy compactivated to make a 

mould. 
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Afterwards, the mixture was placed in a chemical vapour deposition (CVD) system to undergo 

carbonization at 850 °C with a ramping rate of 5 °C min-1 under 300 sccm of argon gas flow for 

1 hour. After which, the CVD system was allowed to cool down to room temperature with the 

gas continuously flowing. The as-obtained sample was then immersed in 20 mL of 1 M 

hydrochloric acid (HCl) in a 100 mL beaker sealed with polyfilm for 10 hours to remove any 

traces of unreacted AA and rinsed thoroughly with deionized water by filtration to obtain a 

neutral pH. The final washed sample was then dried in the oven at 60 °C for 12 hours. This 

carbonization procedure was also repeated using the same HHL material for 2 hours and 4 hours 

respectively to study the effect of carbonization time on pore activation/evolution in the sample. 

The as-obtained final samples were labelled as HTAC-1, which corresponds to hydrothermal 

activated carbon activated with KHCO3 with a carbonization time of 1 hour. Similarly, the other 

final samples were labelled HTAC-2 and HTAC-4. Furthermore, in order to also optimize the 

synthesis procedure for obtaining highly porous nanostructures, control samples were also 

prepared in which dried hibiscus calyces which were not subjected to a pre-hydrothermal 

treatment were also carbonized with the same amount of AA. These samples were also labelled 

as NHTAC-1, which corresponds to non-hydrothermal activated carbon activated with KHCO3 

with a carbonization time of 1 hour. Similarly, the other final samples were labelled, NHTAC-

2, and NHTAC-4 for the same carbonization times. The synthesis process for the activated 

carbon is outlined in figure 6. 
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Figure 6: Schematic of the experimental procedure followed in the preparation of the HTAC samples. 

 

 

Figure 7: Schematic of the experimental procedure followed in the preparation of the NHTAC samples. 

 

3.1.3. Preparation of polypyrrole (PPY) polymer 

2.4 g of iron(III) chloride (FeCl3) was dissolved in a 250 mL beaker containing 50 mL deionized 

water and stirred for 30 minutes using a magnetic stirrer. Thereafter, 0.5 mL of pyrrole monomer 

was then added slowly while continuously stirring for 12 hours. The product was then washed 

continuously with deionized water to eliminate the acidic by-products through filtration until a 

neutral pH was obtained. An electric oven (set to 80 °C) was used to dry the sample over 24 

hours (total time). 
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3.1.4. Synthesis of activated carbon from polypyrrole (PPY) precursor 

The PPY powder was mixed with potassium carbonate anhydrous (K2CO3) activating agent 

(AA) in different K2CO3: PPY mass ratios denoted as 0:1, 2:1, 4:1, 6:1 and 8:1, respectively and 

mildy compactivated. Each sample was then carbonized for 2 hours at 800 °C with a ramping 

rate of ca. 5 °C min-1 in the presence of argon gas. The activated carbon was then immersed in 

1 M HCl to remove the remaining unreacted salts and continuously rinsed with deionized water 

(DI) to attain a neutral pH. The sample was then dried in the oven at 60 °C for 12 hours. The 

final samples were labelled as AC-PPY-0, AC-PPY-2, AC-PPY-4, AC-PPY-6 and AC-PPY-8 

to denote the amount of AA used. 

 

3.2. Material characterization 

3.2.1. Brunauer–Emmett–Teller (BET) porosity technique 

The Brunauer–Emmett–Teller (BET) method was used to obtain the material textural 

characteristics which include surface area measurements, pore size and pore volume on a 

Micromeritics TriStar II 3020 pore analyser. 200 mg of the sample was weighed and degassed 

at 140 °C for 12 hours at a pressure of 0.8 mbar (∼500 mTorr) to eliminate any traces of moisture 

present. The degassed samples were transferred to the main analysis chamber operated at -196 

˚C (77 K) within a relative pressure (P/Po) range of 0.01-1.0. The pore size distribution (PSD) 

study was done by analysing the desorption branch of the nitrogen-sorption isotherm for the 

samples using the Barrett-Joyner-Halenda (BJH) method. 

3.2.2. Scanning electron microscopy (SEM) technique 

The surface morphology of the as-synthesized samples was analyzed using a Zeiss Ultra Plus 

55 field emission scanning electron microscope operated at an accelerating voltage of 2.0 kV. 

The samples were prepared for characterization by placing a small specimen of the sample onto 

double-sided carbon tape which was set on an aluminium stud. 
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3.2.3. Transmission electron microscopy (TEM) 

A JOEL JEM-2100F microscope was used to obtain the morphology of the samples using the 

transmission electron microscopy (TEM) technique operated at 200 keV. The samples for TEM 

analysis were prepared by dispersing the powder material in a 100% ethanol solvent with a 

sonication step added to evenly disperse any agglomerated particles. The solution mixture with 

a uniformly dispersed material was then placed onto a carbon-coated copper grid using a 

micropipette and dried for 30 minutes before being loaded into the TEM system for analysis.  

3.2.4. Energy dispersive X-ray spectroscopy (EDX) 

The elemental composition was determined using energy dispersive X-ray spectroscopy (EDX) 

technique. This was done using the Zeiss Ultra Plus 55 scanning electron microscope at an 

operating voltage of 20.0 kV. The EDX component is incorporated into the SEM system with a 

detector to analyse the x-ray emissions which occur as a result of the rearrangement of electrons 

within the energy levels from the material under study. This gives information about the 

signatory element on the sample surface. The sample was immersed in resin and dried in an 

electric oven at 60 °C for 24 hours. The resin was then smoothened by polishing with multiple 

sand papers of 1200 grit, 800 grit, 400 grit and 200 grit roughness. 

3.2.5. Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra of samples were measured and recorded using a Bruker Vertex 77v Fourier 

Transform-Infrared spectrometer which was controlled using Opus 7.0 spectroscopy software. 

The vibrational modes were examined at wavenumbers ranging from 500 to 4000 cm-1. 

3.2.6. Raman spectroscopy 

The Raman spectra for the samples were obtained using a WITec alpha300 RAS+ confocal 

Raman microscope system. The spectra were focused and obtained using a 50X objective lens, 

at an operating wavelength of 532 nm, 50 mW power and a raster scan rate of 5 seconds. 
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3.2.7. X-ray powder diffraction (XRD) 

The X-ray diffraction for the samples was obtained using an XPERT-PRO diffractometer in a 

θ/2θ configuration with a cobalt tube at 35 KV and 50 mA. 

3.2.8. Electrochemical characterization 

Electrochemical analysis of the sample electrodes was done on a VMP300 15-channel Bio-logic 

potentiostat in both three-electrode (half-cell) and two-electrode (full-cell) configurations. The 

three electrode measurements, namely cyclic voltammetry, chronopotentiometry and 

electrochemical impedance spectroscopy, were performed to obtain the optimum operating 

conditions and charge storage behaviour for the half-cell electrode. Thereafter, using the 

information obtained from the three-electrode tests, full devices were designed and fabricated 

in a coin cell set-up using 2025. In the half-cell set-up, an Ag/AgCl (3 M KCl) reference 

electrode and polished glassy carbon counter electrode was adopted in neutral aqueous 

electrolytes. 

The working electrodes were prepared by mixing the active electrochemically active material 

with carbon black initially and then polyvinylidene fluoride (PVDF) binder in a mass ratio of 

8:1:1. Thereafter, a few drops N-methyl-2-pyrrolidone (NMP) was added to the entire mixture 

to make a slurry which was homogeneously coated onto nickel-foam graphene (NFG) templates 

serving as the current collector and dried at 60 °C in an electric oven for 8 hours. 

The cyclic voltammetry (CV) measurements were obtained for the materials under study in both 

negative and positive operating potential windows ranging from -0.9 V to 0.0 V and 0.0 V to 

0.9 V at varying scan rates from 10 to 100 mV·s-1.  

Chrono-potentiometric (CP) measurements were also measured at varying gravimetric specific 

current values ranging from 0.5 to 10.0 A·g-1.  
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Lastly, the electrochemical impedance-spectroscopy (EIS) analysis was run on an open circuit 

voltage between a frequency range from 10 mHz to 100 kHz. All tests were done with an EC-

Lab computer program (v11.02) interfaced with the potentiostat. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Introduction 

In this chapter, the results of the materials prepared, and their characterization as outlined in 

chapter 3 are discussed. Activated carbon (AC) samples were synthesised and optimized from 

polypyrrole (PPY) and biomass waste raw materials. 

In the sample synthesis of the AC from dried hibiscus calyces, the raw material was optimized 

by subjecting it to hydrothermal (HT) pre-treatment before being activated with potassium 

hydrogen carbonate (KHCO3) in a mass ratio of 1:1 thereafter carbonized. These samples were 

further optimized by varying the carbonization time, the samples were carbonized for 1 hour, 2 

hours and 4 hours and were labelled as HTAC-1, HTAC-2 and HTAC-4 denoting the 

carbonization time. Control samples were also prepared in which dried hibiscus which not 

subjected to a pre-hydrothermal (NHT) treatment were also carbonized with the same amount 

of AA. These samples were also labelled as NHTAC-1, NHTAC-2 and NHTAC-4 denoting the 

carbonization time. 

Activated carbon was also synthesised from PPY having used potassium carbonate (K2CO3) as 

an activating agent (AA). The samples were prepared by optimizing the activating agent mass 

ratio to the PPY material. The AA:PPY ratios considered were 0:1, 2:1, 4:1, 6:1 and 8:1. The 

as-synthesized samples were denoted as AC-PPY-0, AC-PPY-2, AC-PPY-4, AC-PPY-6 and 

AC-PPY-8, denoting the mass ratio of the activating agent present. 
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4.2. Textural properties of activated carbon samples 

Figure 8 (a-d) displays the textural properties with the isotherms and pore size distribution plots 

of the HTAC and NHTAC samples. It is seen from the BET plots that the HTAC-2 and HTAC-

4 samples depict a type II isotherm with an H4 hysteresis loop, while the HTAC-1 sample 

depicted a type II isotherm with an H3 hysteresis loop, which means that the material contains 

both micropores and mesopores [1]. Furthermore, the BJH curves confirm the presence of 

micropores and mesopores within the samples. This can be seen with the peaks situated at a pore 

diameter of ~ 2 nm. The HTAC-1 sample was found to have a higher mesopore volume than the 

other samples. Table 1 summarizes the BET results obtained and it can be seen that specific 

surface area and pore volume increased with a decrease in carbonization time for the HTAC 

samples, with the HTAC-1 sample having the highest specific surface area (SSA) and total pore 

volume of 1337.95 m2·g-1 and 1.29 cm3·g-1 respectively.  

For the NHTAC samples, an optimum carbonization time of 2 hours was obtained for the 

activated carbon material based on the highest recorded specific surface area and pore volume 

of approximately 909.49 m2·g-1 and 0.65 cm3·g-1 respectively. A high SSA and pore volume are 

essential in energy storage devices as they assist in the charge storage process and are essential 

for ion mobility within the material [1]. From the acquired BET results, it is evident that the 

incorporation of the hydrothermal pre-treatment step improved the synthesis of the activated 

carbon material as it halved the carbonization time required and yielded a sample with higher 

SSA and pore volume. 

Figure 8 (e, f) display the textural properties of the AC-PPY samples with detailed description 

of the BET and BJH plots. The BET plots were of type II isotherm with an H4 hysteresis loop 

which verifies the presence of micropores and mesopores as confirmed in the BJH plot.  
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Figure 8: Textural properties illustrating the (a, b) hydrothermal effect and (c, d) the effect of the 

carbonization time for HTAC and NHTAC samples and (e, f) textural properties of the AC-PPY 

samples for different mass ratios of activating agent 

The SSA of the AC-PPY samples were found to increase with an increase in the amount of 

activating agent used to an optimal ratio of 6:1 (AA: PPY) after which it decreased. The highest 

b 

d 

f 

c 

a 

e 
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SSA and corresponding total pore volume obtained for the AC-PPY-6 samples was 

approximately 1980.80 m2·g-1 and 1.24 cm3·g-1 respectively. 

The textural properties of all the samples have been summarized in Table 1 and 2. 

Table 1: Summary of textural properties of HTAC and NHTAC samples 

Sample 
Specific surface 

area (SBET, m2·g-1) 

Total pore 

volume 

(V, cm3·g-1) 

Micropore volume 

(Vmicro, cm3·g-1) 

Mesopore Volume 

(Vmeso, cm3·g-1) 

Average pore 

diameter (nm) 

NHTAC-1 909.49 0.60 0.27 0.34 2.65 

HTAC-1 1337.95 1.29 0.01 1.28 3.85 

NHTAC-2 1057.28 0.67 0.37 0.30 2.53 

HTAC-2 682.48 0.42 0.30 0.12 2.47 

NHTAC-4 663.47 0.45 0.18 0.27 2.68 

HTAC-4 452.85 0.28 0.18 0.10 2.45 

 

Table 2: Summary of textural properties of AC-PPY samples 

Sample 
Specific surface 

area (SBET, m2·g-1) 

Total pore 

volume 

(V, cm3·g-1) 

Micropore volume 

(Vmicro, cm3·g-1) 

Mesopore Volume 

(Vmeso, cm3·g-1) 

Average pore 

diameter (nm) 

AC-PPY-0 7.57 0.02 0.00 0.02 9.82 

AC-PPY-2 562.83 0.38 0.06 0.32 2.68 

AC-PPY-4 1449.42 0.98 0.02 0.96 2.75 

AC-PPY-6 1980.81 1.24 0.03 1.21 2.50 

AC-PPY-8 1329.47 0.79 0.14 0.65 2.38 

 

The textural properties of the activated carbon samples displayed in table 1 and table 2 provide 

a platform for an optimization of the pore structure network. This is achieved via the 

introduction of a pre-hydrothermal step, variation of the activation time at a fixed carbonization 

temperature and increment of the activating agent content.  
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The diverse SSA values and pore volume of the activated carbon samples recorded from the 

porosity analysis is linked to the nature of the pores present in each material. 

In table 1, the reduction in the SSA and associated pore volume with the introduction of the 

pre-hydrothermal step could be attributed to a saturation of the porous framework with an 

excessive amount of activating agent. An optimum content of activating agent equal to the raw 

material is proposed for a considerable activation time in which all existing porosity enhancing 

material is used up in the specified period of time. Further extension of this time could lead to 

a destruction of the pore network since the HTAC samples contain less amount of impurities 

based on the pre-hydrothermal treatment step. This assertion is made in an attempt to initially 

describe the reason for the observed irregular trend of SSA values observed in table 1. Further 

in-depth characterization methods are required to fully understand the observed trend. 

In table 2, the drop in SSA with increasing quantity of activating agent could be linked to the 

pore formation and pore growth dynamics. Simply put, excessive amounts of unreacted 

activating agent leads to an initial pore widening that occurs with possible breakdown of the 

porous carbon framework [2].  
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4.3. Electron microscopy investigation on activated carbon samples 

  

 

Figure 9: SEM micrographs at low and higher magnifications (inset) of (a) HTAC-1, (b) HTAC-2 and 

(c) HTAC-4. 

Figure 9 shows the SEM micrographs of the HTAC samples. The samples consist of randomly 

distributed spherical structures composed of interconnected sheet-like structures. The HTAC-1 

and HTAC-4 samples also have agglomerated spheres. The presence of these spheres could be 

due to the pre-treatment step which led to the formation of the observed carbon spheres. Similar 

occurrences have been reported in earlier studies by Hu et al. [3]. In addition, to further validate 

this claim, the SEM micrographs of the NHTAC samples (Fig. A1 in the appendix) showed no 

spherical structures. 
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Figure 10: SEM micrographs at low and higher magnifications (inset) of (a) AC-PPY-0, (b) AC-

PPY-2, (c) AC-PPY-4, (d) AC-PPY-6 and (e) AC-PPY-8 

All three samples were found to contain pores on their surface which corresponds to the 

observations from the textural characterization. The smaller pores present in the sample could 

assist in the penetration of electrolyte ions which are essential for charge storage and enhance 

the electrochemical performance of the material [4]. The SEM micrographs of the AC-PPY 

samples (Fig. 10) for the different activating agent content depict almost identical 

morphological characteristics. All samples were composed of porous agglomerated spherical 

structures with the presence of a sheet-like structure evident in figure 10(b). 

a b 

d c 

e 
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Figure 11: TEM micrographs of (a) HTAC-1, (b) HTAC-2, and (c) HTAC-4 samples 

The spheres appear to have become more densely packed with the increase in the AA:PPY ratio. 

The surface of the spheres provides the necessary site required for charge storage through the 

interaction of charges with the porous sites. The TEM micrographs (Fig. 11) show 

interconnected porosity in the HTAC samples which is created by the porosity enhancing agent 

from the activation procedure adopted [4, 5].  
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Figure 12: EDX spectra of (a) HTAC and (b) AC-PPY samples 

The elemental composition of the activated carbon samples was analysed using EDX (Fig. 12 

(a, b)) and it confirmed a high carbon content present within the material in both the HTAC and 

AC-PPY samples; with traces of nickel and copper in the HTAC samples which could be linked 

to the composition of the resin. Traces of oxygen, chlorine and potassium were also observed 

in the AC-PPY samples which was linked to the washing step used in obtaining the final product 

and removing unreacted activating agents present. 

  

a b 
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4.4. Vibrational spectroscopic analysis of activated carbon samples 
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Figure 13: The deconvoluted Raman spectra of the HTAC samples. 

Table 3. Raman peaks characteristics for the HTAC samples. 

  D FWHM (cm-1) G FWHM (cm-1) D/G D2/G 

HTAC-1 180.87 76.12 3.82 0.91 

HTAC-2 182.40 83.06 3.32 0.55 

HTAC-4 106.80 72.31 2.51 0.83 

 

Raman analysis was also conducted on the HTAC samples (Fig. 13 (a)), a D- and a G-peaks 

were observed from the samples which are characteristic of carbon-based materials [4, 6–8]. 

a b 

c 
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The presence of the G-peak confirms the graphitic nature of the material which is due to the 

presence of the sp2 hybrid bonds within the material while the D-peak gives information about 

the disorder present within the material as well as the presence of the sp3-sp2 bond combination 

within the material [6, 8–10].  

The deconvoluted Raman spectra show the D1- and D2-peaks which correspond to the vibration 

of the sp2-sp3 bonds and amorphous carbon at interstitial sites of the disordered graphitic 

structure of the carbon material, respectively [6]. The Raman spectra were deconvoluted using 

a Lorentzian function to obtain the integral areas of the D and G peaks which were used to 

calculate the fractional percentage contribution of each peak and the ratios listed in table 3. 

Table 3 displays a higher D/G ratio of disordered carbon relative to the graphitic carbon for 

HTAC-1. In addition, HTAC-1 shows a higher D2/G ratio of amorphous carbon relative to the 

graphitic carbon compared to other samples. 

Figure 14 depicts the Raman spectra for the AC-PPY samples; a distinct peak observed at 1100 

cm-1 (*) is linked to the pristine polymer material, however, the intensity of the peak decreases 

with an increase in amount of activating agent added to the material. D- and G-peaks were 

observed for all samples except the AC-PPY-0 (non-activated) sample which confirms the 

carbonaceous nature of the material. The D/G ratios for the activated AC-PPY samples were 

found to be similar. 

From the FTIR analysis conducted, the HTAC samples were found to have the same IR - active 

bonds regardless of the carbonization time (Fig. 15). The samples were found to have a C-C 

stretching band at 1050 cm-1 as well as a C=C vibrational stretching band at 1600 cm-1 [1, 4, 5, 

11, 12]. The peak observed at ~2100 cm-1 is due to the aliphatic structures (C-H) present within 

the material [13]. 



50 

 

1000 1500 2000 2500

G

wavenumber (cm
-1
)

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)
 

 0:1

 2:1

 4:1

 6:1

 8:1

*
D

 

 

 

Figure 14: The Normalized Raman spectra of the AC-PPY samples 
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Figure 15: FTIR spectra of HTAC samples 

 

Based on the results obtained from the extensive materials characterization reported so far, 

further tests involved analysis on the best materials in terms of good textural and structural 

properties from the BET SSA and the Raman D/G ratios respectively, which correspond to 

HTAC-1 and AC-PPY-6 samples in this case. 
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4.5. X-ray diffraction analysis of activated carbon samples 

 
 

Figure 16: XRD pattern of (a) HTAC and (b) AC-PPY samples 

The XRD pattern (as shown in Fig. 16 (a)) of the HTAC-1 samples correlated best with the 

graphite ICSD card 31170. The sample was found to have an amorphous structure with crystal 

planes corresponding to (002), (011) and (-120). The presence of the (011) peak at a 2-theta 

angle of 44˚ suggests a high disorder within the samples [8]. 

Similar to the HTAC-1 sample, the AC-PPY-6 sample (Fig. 16 (b)) was also linked to the 

graphite ICSD card 31170. The sample was found to have an amorphous structure with crystal 

planes corresponding to (002), (012) and (-120). The variation could be linked to the synthesis 

procedure adopted and disorder in the material. 

  

a b 
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4.6. Electrochemical characterization of activated carbon samples 

4.6.1. Electrochemical characterization of HTAC samples 

The electrochemical performance of the HTAC samples was analysed and the results obtained 

thereof are shown in figure 17. The cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) curves obtained for the samples were found to be rectangular in shape with 

a symmetric linear charge-discharge curve. These unique attributes were recorded in both the 

positive and negative operating potential range and corroborates with a material whose 

mechanism of storage is mainly of EDLC behaviour [1, 4, 8, 14]. 

The rectangular shape of the CV curve demonstrates the fast electrochemical response, good 

electrical conductivity and double layer mechanism of the material, while the symmetry of the 

GCD curve shows the fast ion mobility within the material [1, 4, 8, 14–16]. In addition, the 

samples were found to have a higher electrochemical response in the negative potential 

window as compared to the positive potential window. This can be seen with the higher current 

response in the CV curve and longer discharge times as seen from the GCD curves (Fig. 17 

(b)).  

The electrochemical performance of the materials in terms of current response and discharge 

time was found to decrease with an increase in carbonization time adopted. This could be linked 

to the earlier suggestion that long periods of exposure of the material to the activating agent 

leads to a breakdown of the already established framework, resulting in a decrease in SSA. The 

HTAC-1 sample gave the highest current response and the longest discharge time regardless of 

its operation in the negative or positive potential window. Thus, it can be suggested that the 

ideal optimization time required for synthesizing activated carbon from hibiscus calyces was 1 

hour based on the electrochemical performance which is in conformity with the textural property 

results. 
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Figure 17: (a) cyclic voltammogram (CV) and (b, c) galvanostatic charge-discharge plots (GCD) of 

HTAC samples in both the positive and negative potential windows in a 2.5 M KNO3 

electrolyte. 

The as-calculated specific capacitance of the samples with respect to the varying carbonization 

times is plotted in figure 18 in both operating potential range. As observed from the current 

response, the HTAC-1 had the highest specific capacitance of 127.12 F·g-1 and 66.39 F·g-1 in 

the negative and positive potential regions respectively at a specific current of 0.5 A·g-1. 

Based on the findings, a detailed electrochemical evaluation was conducted on the HTAC-1 

sample in a three-electrode configuration. The sample electrode was operational in both the 

positive and negative potential windows of 0.00 to 0.90 V and -0.90 V to 0.00 V respectively. 

 

b c 

a 
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Figure 18: Specific capacitance as a function of carbonization time for the HTAC samples calculated 

in both the negative and positive potential windows 

 

The current response of the sample was found to increase with an increase in the scan rate as 

well as little or no distortion to the EDLC nature of the CV plot in both operating potentials (see 

Fig. 19 (a)). This can be explained to be due to the presence of a dominating capacitive form of 

storage with little diffusion limitation even as scan rate increases [17]. 

The associated GCD plots displayed in figure 19 (b, c) depict a decreasing discharge time with 

an increase in the applied specific current. This is linked to the ionic movement limitation which 

does not give ample time for interaction with pore sites at relatively higher specific currents 

[18]. The relationship between the specific capacitance as a function of specific current is 

displayed in figure 19 (d); the specific capacitance of the material in the negative potential 

region was found to be higher than that in the positive potential region. As expected, the specific 

capacitance values decreased with an increase in the applied specific current. 



55 

 

-0.8 -0.4 0.0 0.4 0.8

-40

-30

-20

-10

0

10

20

30

40

 

 

C
u

rr
e

n
t 

(m
A

)
Potential (V vs Ag/AgCl)

 10 mVs
-1

 20 mVs
-1

 30 mVs
-1

 50 mVs
-1

 

 100 mVs
-1

 

0 50 100 150 200 250 300 350 400

-0.8

-0.6

-0.4

-0.2

0.0

 

 

P
o

te
n

ti
a
l 
(V

 v
s
 A

g
/A

g
C

l)

time (s)

 0.5 Ag
-1

 1.0 Ag
-1

 2.0 Ag
-1

 5.0 Ag
-1

 10.0 Ag
-1

 

0 50 100 150 200 250 300

0.0

0.2

0.4

0.6

0.8

1.0

time (s)

P
o

te
n

ti
a
l 
(V

 v
s
 A

g
/A

g
C

l)

 

 

 0.5 Ag
-1

 1.0 Ag
-1

 2.0 Ag
-1

 5.0 Ag
-1

 10.0 Ag
-1

 

0 2 4 6 8 10
0

20

40

60

80

100

120

 

 

S
p

e
c

if
ic

 c
a
p

a
c

it
a

n
c

e
 (

F
g

-1
)

Specific current (mA)

 negative potential 

 positive potential 

 
0 10 20 30 40 50 60 70

0

10

20

30

40

50

60

70

0 1 2 3 4 5

0

1

2

3

4

5

 Z' ()

 

 

- 
Z

''
 (


)

 Experimental

 Z' ()

 

 

-Z
" 

(
)

 Experimental

 

Figure 19: (a) Cyclic voltammogram (CV) and (b, c) Galvanostatic charge-discharge (GCD) plot at 

varying scan rates and current densities in the positive and negative potential windows, (e) 

Nyquist plot with corresponding circuit diagram of the HTAC-1 sample in a 2.5 M KNO3 

electrolyte. 

Figure 19 (e) displays the fitting of the Nyquist plot obtained experimentally with a model 

described by the modified Randles circuit commonly referred to as the equivalent circuit [19]. 

The elements of the circuit best describes the capacitive behaviour of the sample electrode and 

a 

b 

e d 

c 



56 

 

was done using the ZFIT data fitting software which applied the complex nonlinear least-squares 

method [20]. The slope of the Nyquist plot in the low-frequency region, which is almost parallel 

to the y-axis (perfectly vertical), is close to an ideal capacitance suggesting a pure capacitive 

behaviour and fast transfer character of the material. At the high frequency region, the intercept 

of the Nyquist plot on the real impedance (Z’) axis corresponds to the equivalent series 

resistance, Rs. This value is comprised of the internal resistance of the sample electrode, ionic 

resistance of the electrolyte and the contact resistance between the active material/current 

collector interface [21]. An equivalent series resistance (Rs) value of 1.08 Ω was obtained for 

the HTAC-1 sample In addition, the short length of the Nyquist plot over varying frequency 

depicts a fast diffusion of the electrolyte ions within the pores of the material electrode [1, 22].  

A symmetric device was assembled to further analyse the electrochemical performance of the 

HTAC-1 sample in the two-electrode configuration. The symmetric device was operational in 

an operating voltage window of 0.00 to 1.80 V. This showed a successful exploitation of the 

operating potential in both the positive and negative range. Similar characteristics of the half-

cell electrodes were recorded in the symmetric device. The current response of the sample was 

found to increase with an increase in the scan rate as can be seen in figure 20(a). 

Correspondingly, the discharge time decreased with an increase in the applied specific current 

as observed in figure 20(b). 

The specific capacitance as a function of specific current displayed in figure 20(d) reports a 

device specific capacitance of 65.68 F·g-1 with a corresponding specific energy and power 

values of approximately 7.39 Wh·kg-1 and 450 W·kg-1 respectively, at a specific current of ca. 

0.5 A·g-1. 
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Figure 20: (a) Cyclic voltammogram, (b) galvanostatic charge-discharge plot, (c) specific capacitance, 

(d) Ragone plot, (e) Nyquist plot and (f) the capacitance retention versus cycle number with the figure 

inset showing a few galvanostatic charge-discharge cycles at 10 A g-1 of the HTAC-1 symmetric device  

b a 
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The Nyquist plot of the device with its corresponding circuit diagram was plotted in figure 20(e). 

The curve was quasi-vertical in the low-frequency region, had an intercept with the real 

impedance axis at the high frequency region corresponding to an Rs value of 0.82 Ω.  

The equivalent circuit diagram (inset to figure 20(e)) shows the equivalent series resistance (Rs) 

element in series with the charge transfer resistance (Rct). The set of constant phase elements 

(Q) are connected in parallel with respective leakage resistors (R) which can be linked to the 

deviation of the Nyquist plot from the ideal behaviour in the low frequency region [23]. The 

Warburg impedance (W) is due to the semi-infinite diffusion electrolyte within the electrode 

material causing a deviation from the ideal behaviour of the sample [1, 8, 14, 15, 22, 24]. 

 Cycling ageing test (Fig. 20(f)) was conducted on the device with the device retaining 93% of 

its original capacitance value even after 5000 constant galvanostatic charge-discharge cycles. 

An associated device coulombic efficiency of 98% was also recorded for the activated carbon-

based symmetric device which demonstrates its long term cyclic capability.   
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4.6.2. Electrochemical characterization of AC-PPY samples 

The electrochemical performance of the AC-PPY samples with different mass ratios of 

activating agent to raw polypyrrole polymer was analysed with the results summarized in figure 

21. 

The CV and GCD curves of the PPY-based samples all exhibited rectangular-shaped CV and 

triangular GCD profiles respectively within an operating potential window range of 0.80 V.  

In figure 21(a-b), the AC-PPY-6 sample exhibited the highest current response as well as longest 

discharge time which contributes to high capacitive performance of the material.  

A detailed and in-depth electrochemical performance analysis of the AC-PPY-6 sample was 

performed based on the initial tests to determine the charge storage capability of the PPY 

material.  

In figure 21(e), the AC-PPY-6 sample exhibited the most ideal capacitance behavior with 

respect to the vertical nature of the Nyquist plot in the low-frequency region and also had a 

shortest diffusion length with a relatively low Rs value of 0.50  (Fig. 21(f)). 

In Figure 21(c), the current response of the AC-PPY-6 sample increased with an increase in the 

scan rate which signifies the charge storage mechanism to be largely capacitive with negligible 

diffusion limitation. The decreased discharge time with an increase in the specific applied 

current was also attributed to the inability of charges to fully interact with pore sites at high 

specific current values as observed in the electrochemical results for the AC-PPY samples. 
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Fig. 21: (a, b) Cyclic voltammetry (CV) and associated galvanostatic charge-discharge (GCD) plots of 

AC-PPY samples, (c, d) detailed CV and the related GCD profile of AC-PPY-6 sample at varying 

scan rates and current densities, (e, f) EIS plot of the AC-PPY samples and (f) the EIS of AC-

PPY-6 sample in a 2.5 M KNO3 electrolyte. 
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Figure 22: (a) Cyclic voltammogram (CV), (b) Galvanostatic charge-discharge (GCD) plot, (c) specific 

capacitance, (d) Ragone plot, (e) Nyquist plot and (f) the capacitance retention versus cycle 

number with the inset to the figure showing a few galvanostatic charge-discharge cycles at 2 

A g-1 of the AC-PPY-6 symmetric device   
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The AC-PPY-6 sample was further analysed as a symmetric device. The sample had a stable 

working potential window of 1.60 V for the full cell, as shown in figure 22(a, b). The capacitance 

obtained at a specific current of 0.50 A·g-1 was 140 F·g-1. An energy density and corresponding 

power density of 12.40 Wh·kg-1 and 415 W·kg-1 respectively were calculated at a specific 

current of 0.50 A·g-1. The cell was also found to have retained 99% of its initial capacitance 

after 10 000 cycles. 

Further ageing tests were conducted on the device in the form of voltage holding and self-

discharge. The voltage holding test was conducted for 72 hours with capacitance being 

monitored at 10 hour intervals (Fig. 23(a, b)). The capacitance was found to increase as time 

elapsed due to the improved wettability and availability of pores. The capacitance of the material 

increased from 75 F·g-1 to 137.5 F·g-1, with the energy density increasing from 6.70 Wh·kg-1 to 

12.20 Wh·kg-1 at a specific current of 2.0 A·g-1.  The increase in the capacitance of the material 

was due to an increase in the accessibility of pores, which resulted in an increase in the 

capacitance of the material.  

Self-discharge test (Fig. 23(c-d)) was also performed on the device, and it was found that the 

device had a slow discharge rate and it maintained a potential of 1.04 V for over 40 hours. 

However, the device initially discharged at a very fast rate, with a potential drop from 1.50 V to 

1.27 V. This is linked to the thermodynamic limit experienced by aqueous solutions due to the 

initial decomposition of water at ~1.2V [17, 25]. The self-discharge profile was characterized 

by two different diffusion-controlled mechanism fitted to different equations as follows: 

𝑉𝑡 = 𝑉𝑖 − 𝑚. 𝑡1/2         (5)                   

where Vt is defined as the voltage in a given self-discharge time, t is the self-discharge time, Vi 

is defined as the maximum voltage, and m is a diffusion and geometrical constant dependent on 

the material electrode parameters. 
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Figure 23: (a) Specific capacitance variation with voltage holding time periods, (b) Cyclic voltammogram 

profile before and after voltage holding, (c) self-discharge, and (d) fitting of self-discharge 

curve as a function of t1/2. 

The value of m defined the exact diffusion mechanism observed [26]. From the results obtained, 

it was evident that the PPY-based activated carbon samples performed better as a potential 

energy storage material.  

A detailed report summarizing the results obtained from the conversion of conductive polymer 

into activated carbon nanostructures (AC-PPY) is presented in the appendix entitled; 

“Electrochemical analysis of nanoporous carbons derived from activation of polypyrrole for 

stable supercapacitors” and has been published in the Journal of Material Science (Energy 

Materials).  
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4.6.3. Mixed assembly electrode device 

A mixed hybrid (MA) device was fabricated from the HTAC-1 and AC-PPY-6 samples to 

analyse its electrochemical properties. HTAC-1 was used as a negative electrode and PPY-6 

was used as a positive electrode based on their individual three electrode measurements 

performance in both potential windows. The device was operational in a voltage window of 

1.70 V in order to extend the operating voltage by harnessing individual properties from both 

forms of activated carbon from biomass waste as well as conductive polymer sources.  

The current response of the mixed hybrid device was found to increase with an increase in the 

scan rate as can be seen in the CV plot (Fig. 24(a)). Similarly, in figure 24(b) the discharge time 

decreased with an increase in the applied specific current.  

The specific capacitance of the device calculated from the discharge part of the GCD profile 

was found to be 94.44 F·g-1 with a corresponding energy density and power density values of 

9.45 Wh·kg-1 and 420 W·kg-1 respectively, at a specific current of 0.50 A·g-1. 

The Nyquist plot of the device with its corresponding circuit diagram was plotted in figure 24(c). 

The curve was vertical in the low-frequency region and a corresponding Rs value of 0.60 Ω was 

recorded. Cycling ageing test (Fig. 24(e)) was conducted on the device and after 10 000 cycles 

the device had a capacitance retention of 82 % and a coulombic efficiency of 99.6 %. 

Interestingly, it is observed that the mixed device, although it has a low capacitance value 

compared to the AC-PPY-6 symmetric device, it had better stability compared to the both the 

AC-PPY-6 and HTAC-1 symmetric devices. 

Table 4 summarises the performance results of the AC-PPY-6, HTAC-1 and MA devices and it 

is notable in the coulombic efficiency values for the MA device was much higher than those of 

the AC-PPY-6 device and the HTAC-1 device was higher than that of the MA device.   
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Figure 24: Cyclic voltammogram (CV), (b) Galvanostatic charge-discharge (GCD) plot, (c) Nyquist plot 

(EIS), (d) specific capacitance, (e) capacitance retention and the Ragone plot of the HTAC-1 

// AC-PPY-6 sample. 
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Figure 25: (a) Specific capacitance variation with voltage holding time periods, (b) Cyclic voltammogram 

profile before and after voltage holding 

 

Table 4: Summary of performance data for all 3 devices (HT-AC-1, AC-PPY-6 and MH) 

 
Capacitance 

(@0.5 Ag-1) (Fg-1) 

Capacitance retention 

(%) 

Coulombic efficiency 

(%) 

HTAC-1 65.98 93 98 

AC-PPY-6 140 99 N/A 

MA 94.44 82 99.6 

 

The MA device still proved to be more stable as it had a coulombic efficiency of 99.6 % which 

correlates with better electrochemical reaction. 

The mixed cell was subjected to further ageing test, the voltage holding (as seen in Fig. 25(a, 

b)) was conducted for 80 hours, and the capacitance of the device was found to increase as time 

progressed. The specific capacitance increased from 94.44 F·g-1 to 219.48 F·g-1 after 80 hours. 

The device also had a higher current response after the voltage holding test, which confirms the 

improvement in the performance of the device.  

b a 
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CHAPTER 5 

SUMMARY, CONCLUSION AND FUTURE 

WORK 
Activated carbon derived from hibiscus biomass waste and conductive polypyrrole (PPY) was 

synthesised, optimized and investigated as potential electrodes for energy storage devices.  

The synthesis optimization process was done by considering three factors namely; the inclusion 

of a pre-hydrothermal step, varying the activation time and the amount of the activating agent 

with respect to the raw polymer material. The results obtained from the various detailed studies 

aid in providing a pathway to obtaining porous, electrochemically active carbon-based 

materials suitable for electric double layer capacitors as well as mixed hybrid devices. 

5.1. Activated carbon derived from biomass waste 

Dried hibiscus calyces were used as the raw material in the preparation of activated carbon 

from biomass waste. The hibiscus calyces was subjected to preparation with the incorporation 

of a hydrothermal (HT) pre-processing step prior to carbonization with KHCO3 as an activating 

agent. The biomass waste was optimized based on the effect of carbonization time, samples 

were prepared with the optimized carbonization times of 1 hr, 2 hrs, and 4hrs. Non-

hydrothermalized (NHT) samples serving as control standards were also prepared. 

The samples were found to contain a combination of micropores and mesopores necessary for 

efficient charge transport and storage. Furthermore, the inclusion of the HT process before 

actual activation halved the optimal carbonization time required for complete activation of the 

material from 2 hours to 1 hour based on the as-obtained specific surface area values. As shown 

in table 1, the 2 hours carbonization time produced a porous carbon material with a SSA value 

of ~ 1000 m2·g-1 for non-pre-treated hydrothermal raw materials. However, the time required 

to obtain the same nominal value > 1000 m2·g-1 was reduced to only 1 hour with the pre-treated 

sample (HTAC-1). From this, the HTAC-1 had the highest SSA and pore volume of 1337.12 
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m2·g-1 and 1.29 cm3·g-1 as compared to the NHTAC-2 sample with a BET SSA of 1057.28 

m2·g-1 and pore volume of 2.53 cm3·g-1 respectively. 

The structural and compositional characterization revealed that the as-synthesized samples 

consisted purely of carbon with an amorphous crystal structure based on the EDS and XRD 

results respectively. 

The electrochemical results correlated with the results obtained in BET with the HTAC-1 

sample yielding the highest current response and the longest charge-discharge times. 

The samples had an operating potential window of 0.90 V in both the positive and negative 

potential windows. A specific capacitance of 127.12 F·g-1 and 66.39 F·g-1 was calculated for 

the HTAC-1 sample in the negative and positive operating potential windows respectively. 

A symmetric device was fabricated using the HTAC-1 sample, which was operational in a 

voltage window of 1.80 V. The calculated specific capacitance for the device was 65.68 F·g -1, 

with a corresponding energy and power densities of 7.39 Wh·kg-1 and 450 W·kg-1 respectively 

at a specific current of 0.5 A·g-1.  

Stability tests reports showed a 93 % capacitance retention obtained for the sample after 5000 

constant charge-discharge cycles at a specific current of 10.0 A·g-1 with a corresponding 

coulombic efficiency of 98 %. 

5.2. Activated carbon derived from polypyrrole 

Polypyrrole (PPY) was used as the raw material in the preparation of activated carbon with 

K2CO3 serving as the activating agent (AA). The activated carbon was prepared by optimizing 

the activating agent mass content to the raw polymer material present for creation of necessary 

pores within the material. The AA:PPY ratios considered for the optimization process were 0:1, 

2:1, 4:1, 6:1 and 8:1. 
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From the textural analysis, the AC-PPY-6 was found to have the best pore structure features 

with the SSA and pore volume being the highest as compared to the other samples. The AC-

PPY-6 sample had a SSA and pore volume of 1980.81 m2·g-1 and 1.24 cm3·g-1 respectively. 

From the electrochemical tests conducted on the AC-PPY-6 sample, an operating potential 

window of 0.80 V was recorded in both the positive and negative potential windows. The 

current response was found to increase with an increase in the scan rate while the discharge 

time decreased in a decrease in the specific current applied. A specific capacitance of up to 

93.17 F·g-1 was calculated at a specific current of 1.0 A·g-1. 

A symmetric device was fabricated using the AC-PPY-6 sample, which was operated in a 

voltage window of 1.60 V. A device capacitance per single electrode of 140 F·g-1 was obtained 

at a specific current of 0.5 F·g-1 with a 99% capacitance retention value after 10 000 cycles at 

a specific current of 2.0 A·g-1. The sample device was further subjected to a voltage holding 

ageing test, to determine the performance of the device as a function of constant applied voltage 

over extended periods of time. This has been described to be a much better route to performing 

ageing test as it mimics the actual practical device operation. From the results obtained, the 

device had an increased ion-storage capability based on the calculated capacitance and 

associated energy density values.  

Due to an increase in the accessibility of pores after the ageing test, the capacitance and energy 

density increased from 75 F·g-1 – 137.5 F·g-1 and from 6.7 Wh·kg-1 to 12.2 Wh·kg-1 

respectively, at a specific current of 2.0 A·g-1. 

5.3. Mixed assembly energy storage device 

A mixed assembly (MA) device was fabricated from the HTAC-1 and the AC-PPY-6 samples. 

The device had an operating voltage window of 1.70 V. A specific capacitance of 94.44 F·g-1 

was calculated, with a corresponding energy and power densities of 9.45 Wh·kg-1 and 420 

W·kg-1 respectively at a specific current of 0.5 A·g-1. The device had a capacitance retention of 
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82 % and a coulombic efficiency of 99.6% after 10 000 constant charge-discharge cycles. The 

performance of the device was found to improve after the voltage holding ageing test was 

conducted for 80 hours, the capacitance of the device increased as time progressed. The specific 

capacitance increased from 94.44 F·g-1 to 219.48 F·g-1 after 80 hours.  

The mixed device was found to have better stability compared to the AC-PPY-6 and HTAC-1 

symmetric devices. Although it has a low capacitance value compared to the AC-PPY-6 

symmetric device, the MA device had a higher coulombic efficiency value. The fabrication of 

an asymmetric device from the HTAC-1 and AC-PPY-6 improved the stability of the device 

making it a more efficient energy storage device. 

 

5.4. Future work 

Future work will involve conducting further electrochemical performance tests on the carbon 

samples to determine their electrochemical response in ionic liquid electrolytes, including the 

effect of heating the electrolytes. 

Ionic liquids can permit devices to be operational in an electrochemical potential ranges from 

3 V to 6 V. They are classified as green solvents due to their low volatility and the potential to 

replace hazardous solvents presently used in energy storage devices, This makes them suitable 

novel environmentally friendly storage units [1–3]. 

It is well known that conductivity is a limiting factor in the use of ionic liquids in 

electrochemical capacitors; as such further studies will involve addition of conductive additives 

to improve ionic conductivity [1]. 

Operation of these devices at extremely low and high temperatures for highly specific 

applications where capacitors are required will also be explored in future studies. 
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Some of the ionic liquids proposed for further tests on the samples include,  

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide (EMIM-TFSI) and 

1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (PYR14-TFSI). 
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APPENDIX 
 

  

 

Figure A1: SEM micrographs at low and higher magnifications (inset) of (a) NHTAC-1, (b) NHTAC-2 

and (c) NHTAC-4. 
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